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ABSTRACT

. Work continued on development and fabrication of a high-speed silicon
avalanche photodetector optimized for operation at 0.9 um, During this

guarter work wasg concentrated on the fabrication and characterizaticn of diodes.

A run of NP7 P diodes was completed with avalanche breskdown taking
place in the active region instead of the edge. However, there were micro-

plasmas, and the gains were low.

A new run of the graded-guardring structure was completed, and the
yield was high, With this run and the run processed earlier there are suffi-

cient dlodes to meet the contract reguirements,

1 venty state-of-the-art samples were characterized and delivered.
Results on the N+P graded-guardring diodes were very encouraging. Ava-
lanche gains of over 300 were typical. Severai of the dicdes exhibited
theoretical noise characieristics with gains greater than 600. The series
resistance was determined to be approximately 25 chms from forward bias
de measurements. Capacitance of both types of structurep was approximately
1.4 pF at breakdown.
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SECTION 1
TECHNICAL REVIEW

A, PURPOSE

Texas Instruments ie conducting a program of development aimed at fabricating
photodicdes which gatisfy the following goals:
1)  An NPaP photodetector will be developed which utilizes the
avalanche mechanisri.
2)  The detector will be optimized to operate at 0. 3-um wavelength.

3} Design goals for the detector will be a response of 0,15 n8 witha
sensitivity equal to or better than that of a photomultip!ler tube
used at the sgme waveisngia.

4 The photodiodes will operate at and above room teraperature and will 3
not be affected by 100° C storage temperature.

5) The photodicdes will be capable of providing amplification of 100
or greatey,

The program consists of twe phases: I, design and fadrication of the avalanche
pbotodiodes; I, testing and characterization. Phase If wiil begin with compietion of
the first diffusion runs tc determine whether any modifications in the original design
are necessary to achieve the desired characteristics. Specific steps of the program
are:

1)  GCbtain photomasks
. 2)  Determine cptimum diffusions
3) Produce experimenteal epitaxial slices
4) Fabricate experimental planar epifaxinl dicdes

5) Characterizeti »n of experimental dlodes, including quantum
efficiency, gain characterization, noise performance, and frequency

respounse,

LRI 01 2t s 5y
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D. GENERAL FACTUAL DATA 5
Persoraiel and Hours Worked
Professional Hours
. W. N. Shaunfield 279.90
Jim Lewis 21.0
. Total Professional 300.0
Technician
derry Reid 302.9
Pauline Harris 52.90 i
Jean Athey 55.0 !
fam Angelo 43.0
Helen Bryent 16.6
Total Techrician 453.9

C. DETAILED FACTUAL DATA

1 Device Design and Fabrication

a. NPa P Structure

AGAUMINT E AR

In the second quarterly report the problem of edge breakdown in the
* NPrP siructure, and several possible solutions, were discusgsed. The firet of these

sclutions was to increase furtser the P-diffusion conceniration. I was pointed out that ;
because of the edge effects the P-diffusion concentration would be even more critical ‘
than originally expected, Oné rum of the NPg P structure with an increzsed P-diffusion _
concentretion was fabricated during the third quarter. For the first time in the NP5P i
structere with the wide epitaxisl layer, breakdown in the active region of the diode was !

:
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obwerved. Nany arezs of the slics still bad edge breakdown. Gf the diodes which showed
breakdown in the active ares none had s uniform breakdown; large numbere of micro-
plasmas were present. Either the starting meaterial had imperfections or they were
introdieed during the ciffusion steps.

The tecknique of etching & moat around the diods, go that the material
containing the high elecizic fields at the edge woald be removed, was also investigated.
‘The experiment was unsuccesseiul, the mczat ring oz the photomask being toc small for
accurate exposure of the thick KMER required for etekirg of silicon. Since 2 compleiely
plenar process ig more desirsble than a mess process, it was felt that a new phot_mask

to perform the moat-eiching experiment wes not justified

Edge brezkdown is the result of peaking of the electric field due ts the
shatp radivs of curvatare of the juncHon, E mers precominent when the jumction
depth is sma®l compared ts the depletion layer width, =35 in the wide-epitaxial-layer HPTP
struciure, This sfiect could be rednced if the junction were mace deeper, resultingina
larger radius of curvature of the junction. Severai slices from runs processed earlier
: were rediftused to make the H-type diffusion ceeper, causing the Giodes to have 2etve
» region breakdown.

The rediffused diodes sH!l had edge breskdewn, and 4 exeminetion o
thei - capacifance-voltage characieristics revealed the cause. Th: NPg © structure is

Ny ey gt RS m e

characterized by a hign cepacitance which Gecreases rapidly with incressing volizge as

. the depletion region extends through the high-coacentratior P-diffusior and then through
the low cencendration w-layer, A typical rapacitance-voltage characteristic is shown

- in Figure 1 for diode I-1 from run BAPD-3. In tke rediffused dicde, 1li-1 from the same
Tun, there i 2 gradusl decresse in capscitance, with increasing voliage indicating that
the rediffusion siep caused the N-diffusion fo mouve through the P-diffusion region. Beveal
lepping end staining of the ¢lodes showed that the N-diffusion moved from spproximatsly
1.0 um to 1.5 ym during rediffusion. Without the effect of the P-diffusion the diode iB an
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Ny P diode and would break down on the cdge. It was hoped that the P-diffusion wonld
move almost ss8 fast as the N-diffusion, the resuli being an NPr P diode with a larger
radius on the KN-diffusion,

Because of the problems inherent in the wide-epitaxial-layer N¥Pr P
gtructure the effort has been disconHnued. Xo new epitaxial slices were ordered curing
fbe third guarier. The remaining time will be spext oo the NéP structure with the graded

In the second guarterly vepori the prelimirery resuits of the first ran
of the N P structure were discusged. The yield was very good end the dlodes kad kigh
mniform gain. Bevel lapping and staining of the diodes sbhowed the graded guardrieg
junction to be 4~-5 iz deep, and ibe active region to be 1. 0 ;on desp. During the Hird
querter en additionsl Tux of the X' P structure was fabricated, with resalts sixiler o
those of the Srst run. With these iwo runs there are sufficient diodes to meet fhy con-
iract requirements.

Because of the Iow impurity concentration in the substrate of the ¥ P
struciurs, the series resistence ig EHghe, thag teat in the XPg P struciure. This ean
be reduced by fabriceting the diode in en epitaxisi Isyer on & high-conceniretion substrate.
Tr:ring the third quarter one rum of fhe X P structrre wes fibricated on epitexiel slices
pormzily used for the NPy P structure. Since the epih dal-lsyer impurily concenhisation
wes too low, the guardring diffusior weat too deep and fhe depletion region punched
through the epitaxial Isyer. As s result the electyic field was higher at the efze, and
the dodes had edge breakdown. The epitexisi-lsyer thickmess should be so chosen Tatthe
combined deplt of the diffusion wnd the width of the dspleHon regicn £t breskdown are
grezier than the epitexiel-layer width. Xew epitexiel materisi setizinag these require-
ments hes been ordered azd the epiiaxial N P structure, an N PP structure, will be

(3]
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fabricated. These new fabrication and material chergss are being funded by the com-~
pany; however, if the effort is successfil before the cortre.ct is over, this type of dioCe

will be supplied on the contrast.

c. Package and Diode Mount

. Tke diodes supplied on the contract are being fabricated in the coaxlial
pill package shown in Figure 2, Not shown is the lid, which has a lens formed in a
40-mii spertrre, Using & collimated light source, such ag a laser, the lens projects a
spot on the dicde less than 10 mils in diameter. The package can be mounted in 2 PC
board or in a BNC connector using the diode mount shown in Figure 3. With the diode
and pin installed, the shell is £1id inside the BNC cunnector, making sure the shell con-
tacts the top ring of the diode. In the normal rev<rse biased mode for the N+P structure
the vin is biased negative with respect to the shell.
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Figure 3. BNC Diode Mount

2. Device Characterization

The following paragraphs describe resulis obizined from the characterization
of 20 state-of-the-art avalanche photodiodes delivered during the third quarter, This
group consisted of 10 diodes of the NP7 P structure, runs Nos. BAPD-3 and BAPD-~T;
ané 10 diodes of the N+P graded-gu rrdring structure, mm No. BSAPD-1, A summary
of the results obtained is presenied in the accompanying table. The 10 NPq P diodes,
although having low zain, represent state-of-the-art “evices of the wide epitaxial NP7 P
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Table: Characteristics of BuShip Avalsnche Photodiodes

Bulk
Breaskdown Noise
Run No. |Device No. Voltage Gain Slope Leaksge Remarks
Volts M d Current
nA
BSAPD-1 1 167.71 > 400 2,25 -
2 171.98 > 300 2.4 —_
. 3 167. 23 ~ 20| -~ - Low gair ;
4 173. 66 > 640 2. 24 0. 85
5 159.98 ~ 200 2.27 —
6 170,02 > 350 2.24 0.5 ;
7 164. 28 ~ 280 2.24 1.2
8 156.13 ~ 8C 2.22 1.2
9 17S.49 > 350 2.23 0.5
10 176.59 >710 2.25 1.5
RBAPD-31 2 181.35 —_ -~
3 208, 85 — — .
4 915, 4% -] - Low gain ~2
] 215, 59 2.5 —
BAPD-3I 1 208, 35 4.0 -_
3 206, 01 2.5 ~3 Low gain
5 195.65 4.0 ~2,28
BAPD-TIE i 274,91 2.0 -—
2 288.72 - - Low gain
3 268, 3o — -

4
structure, and were included since that was the original structure proposed. The N P

dlodes are much superior in performance and, because of their high gain, allowed 2

more complete characterization.

&, ngcﬁance

The capacitance of both types of diodes is approximetely 1.4 pF at ;
breskdown. A typical capacitance-voltage characteristic i shown in Figure i for the
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NP P structure and Figurs 4 for the N'P structurs. The capacitance measurements
were mads or dicdes moutted in the coaxial pill package which has a packsge capacitance
of 0.3 pF. Since the messurements were made at low frequency, 1 MHz, the junction
capacitance can be found by subtracting the package cepacitance from the measure capeci-
tance, Af high frequencies the dlods scries resiztance would complicate the computation,

b. Gain Characteristics

Avalanche gain for the measursmenis was fowmd vy taking the ratio of
the dinde photecurrent st kigh revevrse bias near breakdown to the pholucurreat of « low
biag below breakdown., Although the measureraents can be mude sf do, the test or b
diodes waz medz using a 490~z amplifide moduiates light 2ouvce at 92990 Iy Caing the
photoreaponse at 30 voltz for a reference gain of one, the typical gain-voltage character-
istic for e graded-guardring dicde !a shown in Figure 5. The gain-voltage characteristic
for avalanche has been described by Miller” as

1

M=
1 -(V/V)

For the dats shown in Figure 5 and M > 16, n in the sbove equation is 0,42, For lower
gaine n becomes larger.

Tte gain showa in the table is the gain at which the measuring circuit
saturated or excess noise occurred, indicating a microplasms went into sustained

breakdown.

* 8. L. Miller, "Jonization Rates for Holes and Electrons in Silicon," Phys, Rev.,
Vol. 105 (Februsxy 1857), pp. 1246-1248,
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c. Noisde Characteristics

The noise of the avalanche procesa has been described .oy Mclntyre®

where

Af 18 the bandwidth

Is

g is the electronic charge

is the dec photocurrent

M is the gain
d 1is the noiee slope

The noise current squared was measured in a system at a center frequency of 3. 8 KHz
and a bandwidth of 2.3 KHz. A plot of the typical characteristics is shown I Figure 6.
The de photocurrent was 16.5 nA. The data are in agrecisent with the above equation
over 7 decades of noise. The noise power is found to increase with M to the 2. 25 power.
The measuring circuit saturated at M = 710, and maasurements were not teken at higher
gains, The value for d for the other diodes is shown in the table. Diodes BSAPD-I

Nos. 3 and 8 showed a sharp rise in noigse from the theoretical, indicating that micro-

piasmes were present in the active ares,

d. Bulk Leakage Current

Because of the high subatrate resistivity (6. 5 @ cm) of the graded-
guardring structure, this structure has a higher bulk lerkage current than the NPy P

# R. J. Mcintyre, "Multiplication Noise in Uniform Avsalanche Diodes,” IEEE Trans,
on Electron Devices, Vol. ED-13, No. 1 {(Januery 1966), pp.164-168.
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structure. It is high encugh to be measured by plotting the tots: lezkage current versus
avalanche gain. 3.nce the surfrce leakage current is nei multipiled, the zlope of the
curve i8 the bulk leskags cur rent. The mezsured bulk ieskage, recorded in the table, s
typloally from 0.5 to 1.5 nA.

2. High- Frequency-Gein Characteristics

The avelanche gnin was measured at 540 and 1080 MHz and compared
with the dc gain. The signal sourcs was an HeNe laser operating at 6328 % with beat
notes 2t the above frequencies. Rcverse bias was supplied through 2 de bias tee; the
signal was fed directly to & Tekironix Type 661 sampling scope and an HP Type 3406A
sampling voltmeter. The dc grin was measured by taking the ratio cf the do photo-

d
constant at 1.0 mA to allow the signal to be seen at low gair while avoiding current

current at the bias voltage ard 30 volts. Multiplied photocurrent, M cht_;’ was held

saturation eifects present at high geins. To avzid the high capacitance effects present
at low-bias voltages, the Mac = 10 as a reference the ac gain af higher gains was deter-
mingd- A typical curve of ac gair us dc gain is shown in Figure 7. Tke above
assumption is shown to be valid since the ac and dc gain is equal out to a gasn of 406.
Saturation of the ac gain indicates that the diodee have a gain-bandwidth procuct of
approximately 80 GHz.

£ Equivalent Circuit

Tae avalanche photodicde can be represented by the equiveient circuit
skown in Figure 8. The sigmal curient, ig, is mm@sm wi where m is the moduletion
index. The noise, represented b ii , Was given earlisz, Junction capacitamee, Cj, is
eguel io the measured capacitance minus the package capasitance Cp, $.3 pF for the pill
package. The series resistance, RS, is typically one ohmm for the NP P siructure. The
series resistance for the BSAPD-1 run was defermined to be approximately 25 chms

from forward biss de meesvrements.
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8. Proisot Performanos aad Bchedile

Texas Instruments Incorporated

Contract No. NObsr 26337

Pericd Covered: 16 February to 16 May 1967

{Report) Data:  July 1987

1986

>
w

0

N

1. ice Design and Fsbrication
Obtain Photomask
Determine Optimum Diffusions

Produce Experimental Epitaxial
Slices

Fabricate Planar Epitaxial
Diodes

Fsbricate NP Diodes

2. Characterization of Experimental
Diodes

Gain Characteristics
Quantum Efficiency
Noise Performance

Frequency response

3. Characterize and Deliver
State-of-the-Art Samples

PR { ) v imoned

SCO7928A
. Legend:

York Pexrformed

Scbedule of Projected Cperation
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Figure 8. Avalenche Photodicde Equivaient Circuit
tem: Estimated completion in percent of totel effort expected io be expended

{vot chronoiogicali-

1}  Obtrin Photomasks 1893
2) Determine Optizmun Diffusions 1985
3} Produce Experimentsl Epitexial Slices i50%
: 4 Fabricate Pisuar Epitaxiel Diodes 105
5y  Fabricate ¥ P Diodes 5%

] 6) Determine Gaia Charzcteristics
K} Determire Quantum Efficiency

3} Determine Freguency Response

5%
205
8) Determine Koize Characteristics 50%
20%
* 10 Chsracterize and Deliver Ssmples 50%
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D. CONCLUSIONS

A run of NP7 P diodes was fabricated with avalanche breakdown in the active region.

However, there were microplasmas and the gains were low,

An additional run of N+P diodes was fab~lcated, and there was a large number of
good dicdes.

&
Characterization of the 20 siate-of-the-art samples was completed. Several N P
diodes exhibited theoretical ncise characteristice up to gains of 600. Based on resuits

of the two types of structures, the NP7 P structure effort is being discontinued in favor
of the N+P structure.
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SECTION I
PROGRAM FOR NEXT INTERVAL

For the next quarte= we plan the following work:
1)  Mount dodes from runs 38APD-I and I for fins? charecterization,

2)  Run complete characterizetion on final state-of-the-art samples.
O
3)  Fabricate and characterize N PP diodes if thue parmits,

A

Leda ATRT e
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